ABSTRACT: Phytophthora spp. cause devastating effects on crops and natural ecosystems worldwide. In Thailand, P. palmivora is an important pathogenic species of the rubber plant (Hevea brasiliensis), reducing latex production. This study aimed to develop a PCR-based method to rapidly and simultaneously detect the genus Phytophthora and P. palmivora. A single round nested multiplex PCR with 4 primers, Phy1s/Phy2a/Pal1s/Pal2a, and a single round seminested multiplex PCR using 3 primers, Phy1s/Phy2a/Pal2a, were established. The obtained PCR products of 1025 bp and 650 bp represent the ITS1-5.8S-ITS2-28S region of the genus Phytophthora and P. palmivora, respectively. By using various amounts of DNA of a positive strain P. palmivora KBNM 9 and the vector containing ITS region as templates, the sensitivity of these methods was compared to the simple PCR. The single round semi-nested multiplex PCR was applied for the detection of P. palmivora in infected rubber leaves and soil as well as the leaves and bark collected from planted areas. The results of application and the sensitivity test using the DNA of P. palmivora mycelium are in agreement. Only one band of 650 bp representing the genus Phytophthora and P. palmivora was detected at low template number. The DNA from severe symptom-exhibiting and dehydrated leaves, however, showed negative results comparable to the classical isolation method that showed no Phytophthora and P. palmivora growth on selective media. This technique may be used to detect and manage Phytophthora infection in important crops.
INTRODUCTION
Hevea brasiliensis (Wild.) Muell.-Arg. or the rubber plant is an economically important crop in Thailand since its latex is a major export. At present, Southeast Asia-especially Thailand, Indonesia, and Malaysia-are the main sources of natural rubber. A consequence of the frequent tapping to collect latex is that infections occur at the tapping wound sites. This problem is common in the southern part of Thailand where the humidity and temperature are high and conducive for pathogen growth and disease development. In Thailand, RRIM600 is the commonly used plantation cultivar because of its high-yield of latex but this cultivar is highly susceptible to Phytophthora pathogens.
Phytophthora leaf disease, caused by members of the oomycete Phytophthora spp., is by far the most important disease of the rubber tree. Phytophthora spp. which are pathogens of the rubber tree include P. palmivora, P. botryosa, P. heveae, P. meadii, and P. parasitica. In the south of Thailand, P. palmivora and P. botryosa are the most frequently isolated pathogens that cause black stripe, green pod rot, and abnormal leaf fall 1 . P. palmivora attacks the petioles, causing mature leaves to fall prematurely and attacks the tapping surface reducing latex production.
A rapid and accurate microbial identification method is essential for an inspection and survey www.scienceasia.org program that will allow for an early detection of any pathogen. Conventionally, diagnosis of the Phytophthora disease has been performed by isolation of pure cultures of Phytophthora from diseased plants followed by identification based on morphological characterization. A definitive diagnosis of a plant pathogen using these traditional tests requires substantial experience in species differentiation within the genus Phytophthora. Moreover, there are difficulties in using phenotypic taxonomic characteristics since there is overlapping among some species, and significant variations regularly occurred among isolates of the same species [1] [2] [3] . Nowadays molecular methods allow more accurate species identification and detection of the pathogens.
Many species of Phytophthora can now be identified using their unique DNA sequences in the internal transcribed spacer (ITS) regions of their nuclear ribosomal DNA (rDNA) repeat region [4] [5] [6] [7] . Recently, polymerase chain reaction (PCR) has been used extensively for the detection of plant pathogens [8] [9] [10] . There are several advantages of PCR-based detection methods over the traditional diagnosis methods; for example, microorganisms do not need to be cultured, it is more reliable, sensitive, and rapid 3 . The PCR-based methods include conventional PCR and quantitative real-time PCR. These methods have been reported as being effective for a number of Phytophthora species 5, [11] [12] [13] . Nested PCR, a two-step system in which the first round PCR product is subjected to a second PCR amplification, is widely used to detect fungal plant pathogens due to its greater specificity 14 . The sensitivity of this technique also allows the detection of the target pathogen in minute amounts of infected material 15, 16 . This method however is time consuming, expensive and labour intensive since it requires separate PCR reactions and additionally increases the risks of false positive due to cross contamination 3 . Multiplex PCR approach is a tool to detect several pathogens simultaneously and reduce the time spent, costs, and contamination risk. Multiplex PCR utilizes a single reaction with several primer pairs, each generating an amplicon that can be separated and visualized through electrophoresis 17 . This technique has been extensively applied in plant pathology as it permits the identification of more than one target in a single reaction 6, 18, 19 . PCR-based methods have been utilized worldwide in order to identify and detect P. palmivora in orchids 20 , in important Australian plants 5 , in coconut 21 , and in citrus 22 . Rapid identification and diagnosis of the major Phytophthora species in particular P. palmivora is however limited. The aim of this study was to develop a PCR-based assay to detect Phytophthora spp. and specifically P. palmivora. This was attempted by developing a single round semi-nested multiplex PCR method to assist in the early diagnosis of rubber disease caused by Phytophthora spp. and to verify simultaneously in one reaction that P. palmivora was the causative species.
MATERIALS AND METHODS

Phytophthora spp. and fungal culture
Two isolates of Phytophthora spp., P. palmivora named KBNM 9, previously isolated from rubber trees showing disease symptoms 23 , and P. botryosa, were provided by the Songkhla Rubber Research Center, Songkhla, Thailand. P. parasitica was kindly provided by the Department of Plant Science, Faculty of Agriculture, Rajamangala University of Technology Srivijaya, Nakhon Si Thammarat, Thailand. Penicillium funiculosum (TISTR 3563), Aspergillus niger (TISTR 3254), Fusarium solani (TISTR 3436), and Colletotrichum gloeosporioides were obtained from the Thailand Institute of Scientific and Technological Research, Thailand. For the isolation of DNA, each isolate was grown in potato dextrose broth (PDB, Difco Laboratories) at 25°C for 7-10 days. The mycelia were harvested and frozen at −80°C until used.
Preparation of zoospores of P. palmivora
Zoospore suspension of P. palmivora was prepared following the method of Chirapongsatonkul et al 24 . Plugs cut from the edge of the culture were transferred to a V 8 agar plate, a medium containing vegetable juice produced by Campbell Soup Company. Five days later, the growing mycelium was chilled using sterile water (8-10°C) for 15 min and zoospores were collected 30 min later. The amount of zoospore was counted using haemocytometer. The concentration of zoospore suspension was adjusted to 5 × 10 5 zoospores/ml with sterile distilled water. The suspensions were used within 30 min, before encystment and germination could occur.
Plant materials and soil samples
Detached healthy rubber leaves from 3 individual plants were placed in a Petri dish containing 10 ml of the zoospore suspension or sterile distilled water as a control. After the abaxial surface of each leaf was placed facing the zoospores for 1 h, all leaves were rinsed with sterile distilled water and placed on a moist Whatman paper. The inoculated leaves were kept at 25°C under 12 h of daylight. The leaves were collected at 12 and 24 h and kept at −80°C for DNA extraction.
Twenty of 6-week-old rubber seedlings were divided into two groups, untreated control and zoospore-treated group. The seedlings were sprayed with the zoospore suspension or sterile distilled water. All seedlings were kept in a moist controlled plastic bag, with a relative humidity of 70-80%, at 25°C under 12 h of daylight to support the pathogen growth. The leaves were collected and pooled from 5 plants at 12 and 24 h after treatment and kept at −80°C for DNA extraction.
Commercial soil (Din Lum Duan), bought from the garden supplies shop, was sterilized by autoclaving before being divided for two treatments. For the P. palmivora treatment, 10 plugs cut from the edge of the growing mycelium after being cultured on PDA for 7 days were inoculated in 25 g of sterilized soil. Soils were kept in the moist controlled plastic bag for one week. Agar plugs were removed from the infested soil prior to storing the soil at −80°C for DNA extraction.
Diseased plant materials from rubber seedlings and mature plants were collected from natural rubber nurseries and plantations in the southern part of Thailand. All samples were carefully transferred to the Department of Biochemistry, Faculty of Science, Prince of Songkla University, Thailand and kept at −80°C until being used for DNA extraction.
Isolation of DNA
DNA of the mycelia of all fungi, plant tissues, and soil (50-100 mg of each sample) was extracted and purified using DNAzol (Invitrogen, USA) and NucleoSpin Plant II Kit (Macherey-Nagel, Germany) according to the supplied protocol from the manufacturer. DNA of P. infestans was kindly provided by Ms Waraporn Prakob, Department of Entomology and Plant Pathology, Faculty of Agriculture, Chiang Mai University. The concentration of DNA was determined spectrophotometrically using MaestroNano Micro-Volume Spectrophotometer.
Primers for Phytophthora spp. and P. palmivora
Two sets of primers, specific to the Phytophthora genus (Phy1s/Phy2a) and to P. palmivora (Pal1s/ Pal2a), used throughout this study were based on the report of Tsai et al 20 . The nucleotide sequences of primers and expected binding locations are shown in Table 1 . The primer used as an internal 
Multiplex PCR for Phytophthora spp. and P. palmivora detection
Single round nested and semi-nested multiplex PCR reactions were carried out using the set of primers Phy1s/Phy2a/Pal1s/Pal2a and Phy1s/Phy2a/Pal2a, respectively. Approximately 2 ng of DNA extracted from P. palmivora was used as a template. The PCR reactions were performed in 25 µl reaction using EmeraldAmp GT PCR Master mix (Takara Bio Inc). The PCR condition used was as follows: denaturation at 94°C for 5 min, followed by 30-35 cycles of 1 min at 95°C, 1 min at 55°C, 1 min at 72°C, and a final extension at 72°C for 10 min. PCR products were analysed by electrophoresis on 2% (w/v) agarose gel with 0.5 µg/ml ethidium bromide in 1× TAE. The amplicon sizes were estimated by comparison with a 100 bp Plus DNA ladder (Vivantis Technologies Sdn. Bhd). To determine the suitable primer concentration to increase the efficiency of the single round semi-nested multiplex PCR, a gradient of primer concentrations from 0.4 to 0.05 µM were tested in 25 µl PCR reaction containing all components except for DNA template. PCR products were analysed by electrophoresis. To confirm and recheck the detected product, the amplified fragments were cut from the gel, purified using QIAquick Gel Extraction Kit (Qiagen), ligated to pGEM-T Easy vector (Promega) and transformed into Escherichia coli Top10 cells. Purified plasmids were bidirectional sequenced directly, using the dye-terminator cycle-sequencing reaction (Applied Biosystems). The nucleotide sequences were compared with the fragments amplified separately using the primer pair covering the Phytophthora genus (Phy1s/Phy2a), and those specific to P. palmivora (Pal1s/Pal2a).
The specificity of the single round semi-nested multiplex PCR was examined by amplification of the DNA of all fungal samples including those of the positive and negative controls. PCR reaction using www.scienceasia.org the DNA from healthy rubber plant tissues was carried out to check whether the primers could amplify other non-target genes from the host plant. The actin primer pair (actF/actR), amplifying actin gene of rubber plant, was used as an internal control.
Sensitivity test
The sensitivity of the single round semi-nested multiplex PCR was determined by comparing with the simple PCR and the single round nested multiplex PCR. The amount of target DNA was varied at 40, 8, and 4 ng, 800, 400, and 40 pg. Ten-fold serial dilutions (1-10 −6 ) of the recombinant vector containing ITS region of P. palmivora were also used as templates. The PCR condition for all reactions was as previously described.
Detection of P. palmivora in the infected rubber leaves and soil
To ensure that the single round semi-nested multiplex PCR protocol can detect Phytophthora spp. and P. palmivora in infected plant tissues and soil, the method was used to amplify the DNA samples extracted from the detached rubber leaves, seedlings, and soil. Three independent series of experiments were performed and each experiment was assayed at least in triplicate. Moreover, the DNA extracted from plant materials collected from the naturally planted rubber trees expressing leaf fall or black stripe were also used as templates. Each sampling material was extracted for DNA and tested in triplicate. The single round semi-nested multiplex PCR was performed by using AccuStart II GelTrack PCR SuperMix (Quanta BioSciences) followed the previously described condition.
RESULTS
Single round nested multiplex and single round semi-nested multiplex PCR
The primers used throughout this study, Phy1s/ Phy2a and Pal1s/Pal2a, to identify and detect Phytophthora spp. and P. palmivora, respectively, were according to Tsai et al 20 . These primers have been validated for the specificity by testing them with several Phytophthora spp. and other related genus. Based on the alignment with the sequences submitted to the NCBI database by nucleotide BLAST analysis and CLUSTALW (BIOEDIT), the binding locations and amplified product sizes of each primer within the ITS1-5.8S rDNA-ITS2-28S rDNA region of Phytophthora spp. and P. palmivora are shown in Fig. 1 . By means of primers used, our multiplex PCR was similar to the nested PCR but there was no need to perform the first and the second amplifications separately as in normal nested PCR. It was thus named single round nested multiplex PCR. In this condition, the primer sets, i.e., Phy1s/Phy2a/Pal1s/Pal2a with equal concentrations, were used in the unique PCR reaction. Two bands approximately 1000 bp and 650 bp were revealed; however, the smaller band seemed to be better amplified when using 2 ng of DNA of P. palmivora mycelia as the template (Fig. 2a,  lane 1) . Since the match site of Phy1s on the ITS region is very close and covered that of Pal1s (6 bp upstream of the Pal1s binding site), Pal1s was then eliminated and 3 primers, i.e., Phy1s, Phy2a, and Pal2a, were used to perform the single round seminested multiplex PCR. Moreover, to obtain the clear two bands with equal intensity, the single round semi-nested multiplex PCR was carried out with the gradient concentrations of each primer when the DNA template was fixed (Fig. 2a) . The equal bands could be observed in lanes 4, 5, and 6; however, the intensity of each band was slightly different. Accordingly, the suitable final concentration of the primers which was used in the further studies were 0.4 µM, 0.4 µM, and 0.075 µM for Phy1s, Phy2a and Pal2a, respectively.
To determine the specificity of the single round semi-nested multiplex PCR condition, the obtained PCR products of approximately 1000 bp and 650 bp were purified, cloned, and sequenced. The sequences from these two bands were identical with the resulting bands of 1025 bp and 644 bp amplified by Phy1s/Phy2a and Pal1s/Pal2a, respectively. The nucleotide sequences were deposited at GenBank (Accession number: JX863409 and HQ446453). Analysis of the PCR products by Blastn indicated that the fragments carried the ITS1-5.8S-ITS2-28S rDNA region of P. palmivora. In addition, the best hits of all sequences were ribosomal ITS sequences obtained from the same species by other laboratories (data not shown). Using the DNA of P. palmivora KBNM 9 as a model, the actual sizes of products from the single round semi-nested multiplex PCR amplified by Phy1s/Phy2a and Phy1s/Pal2a were 1025 and 650 bp, respectively. The PCR reaction was performed using the optimal condition and DNA extracted from four various species belonging to the genus Phytophthora and other fungi as templates. No amplification signal was detected in the reactions using DNA from other fungal isolates. Only one band of around 1000 bp in length was obtained from all tested Phytophthora spp. while two bands (1025 and 650 bp) were revealed when the template was DNA of P. palmivora. These results indicated the specificity of the developed detection method (Fig. 2b) .
Sensitivity test of the single round semi-nested multiplex PCR
The sensitivity of the developed single round seminested multiplex PCR was determined by comparing the detection of Phytophthora spp. and P. palmivora using conventional PCR and a single round nested multiplex PCR. The results revealed that all methods could detect P. palmivora in a dosedependent manner comparable to the concentrations of the DNA template (Fig. 3) . The faint bands, representing the lowest amount of DNA detected, were observed in both simple PCRs at 40 pg of DNA template (Fig. 3a, lane 6 and Fig. 3b , lane 6). For the single round nested multiplex PCR, the smaller bands (sized 650 bp representing the species-specific P. palmivora) were thicker and, in addition, when the amount of DNA templates were lower than 4 ng, the 1025 bp band (representing the genus Phytophthora) was hardly observed (Fig. 3c,  lanes 4-6) . The single round semi-nested multiplex PCR showed equal intensity of 1025 bp and 650 bp DNAs in the template ranged between 40 ng and 4 ng (Fig. 3d, lanes 1-3) . With low amount of DNA, the smaller band became thicker than those of the larger one (Fig. 3d, lanes 4 and 5) . According to the results, the comparative sensitivities of the single round semi-nested multiplex PCR and the simple PCR revealed that both methods showed the same detection limit of 40 pg of template tested.
The sensitivity was tested by using the 10-fold serial-dilutions of the vector containing ITS region of P. palmivora. The positive signal was detected at 1-10 −3 dilution by the single round semi-nested multiplex PCR (Fig. 3f) which was similar to those from the simple PCR methods (data not shown). It seems that only one band of 650 bp was observed in the reaction with low amount of template for the single round nested multiplex PCR (Fig. 3e) comparable with the result when using various DNA amounts as templates.
Detection of P. palmivora in the infected rubber leaves and soil by the single round semi-nested multiplex PCR
The DNAs extracted from the rubber plants and soil were used as templates to verify whether the developed method can detect P. palmivora in the infected materials. The PCR employing the primer www.scienceasia.org of the actin gene (actF/actR) of the rubber plant was used as a control reaction to confirm an equal amount of DNA in all samples. There was a 650 bp DNA band detected in the 12 h zoospore treated leaves while two clear bands were present in the zoospore-treated leaves (24 h after treatment) and soil (Fig. 4a) . There was however only one faint band of 650 bp visualized in the samples collected from the 12 h and 24 h zoospore treated seedlings (Fig. 4b) . No visible bands were visualized in the untreated plant samples and soil DNA in the single round semi-nested multiplex PCR. The DNA extracted from plant materials including leaves from seedlings and mature plants as well as barks collected from the naturally planted rubber trees expressing leaf fall or black stripe were also tested using this semi-nested multiplex PCR procedure. Similar phenomena to those DNA extracted from the controlled inoculation experiment were obtained. The leaves with mild to moderate lesions showed a faint band of 650 bp (Fig. 5) . As expected, no visible band was observed in healthy leaf samples. However, a negative result was observed when using the DNA extracted from the dehydrated leaves exhibiting severe symptoms (Fig. 5 ) and the fallen leaves picked up from the ground, as well as that from the barks (data not shown). This phenomenon was comparable to the conventional culture methods to isolate Phytophthora spp. from the same samples.
DISCUSSION
The primer sets to validate the detection of Phytophthora spp. and P. palmivora are available 20 , the single round nested multiplex PCR was then developed. There would typically be two bands produced, sizes at 1025 bp and 644 bp when the primer sets Phy1s/Phy2a and Pal1s/Pal2a were used together in the unique PCR reaction. The result showed that the smaller band seemed to be better amplified (Fig. 2a, lane 1) . This may be due to the possibility that the PCR product amplified by Phy1s/Phy2a (1025 bp) could also be a template for Pal1s/Pal2a. Another possible reason is that the template bound with these two primer sets are covering the same region, the primer Pal1s/Pal2a could probably better compete and bind to the template. In addition, the smaller-band product may also be amplified by Phy1s/Pal2a. Since the match site of the primer Phy1s on the ITS region is very close (6 bp upstream) and covers that of Pal1s, a single round semi-nested multiplex PCR which eliminates the primer Pal1s was considered to reduce the cost. The primer Phy1s could involve in the amplification of both bands while Phy2a and Pal2a produced either the 1025 bp or the 650 bp band, respectively. To obtain the two clear bands with equal intensity in a single round semi-nested multiplex PCR, we found that the final concentration of primer Pal2a should be lower than those of Phy1s and Phy2a. Some studies have recommended avoiding the use of nested primers in multiplex PCRs as there may be either false-positive results due to carryover contamination or false-negative results due to the reaction failure [25] [26] [27] . The results showed the specificity of our single round semi-nested multiplex PCR procedure since there was no false-positive or false-negative as no band, only one and two bands occurred when templates were those of other fungi, Phytophthora spp. and P. palmivora, respectively, (Fig. 2b) . No PCR band was amplified when using the DNA from rubber plant as a template, suggesting that these primers could not amplify any gene in the tested host genome (data not shown). Moreover, the specificity of this technique was assured by the analysis of the nucleotide sequences of both PCR fragments. These results confirmed and validated the developed PCR procedure and thus supported its application for simultaneous detection of the target pathogens.
The comparative determination of the sensitivity was performed using the developed single round semi-nested multiplex PCR, the conventional PCR and the single round nested multiplex PCR. Various amounts of DNA extracted from the mycelia of P. palmivora (40 ng to 4 pg) and the 10-fold serial-dilutions of the vector containing ITS region of P. palmivora (1-10 −6 dilutions) were used as templates. The results revealed that all methods could detect the presence of P. palmivora in a dosedependent manner (Fig. 3) . The sensitivity of the single round semi-nested multiplex PCR was similar to those of the simple conventional PCR. The lowest amount of template that could be detected was 40 pg and 10 −3 pg for extracted DNA and recombinant vector, respectively. When performing the single round nested and semi-nested multiplex PCRs with low templates, the smaller bands (sized 650 bp representing the species-specific P. palmivora) were however thicker than those of the 1025 bp bands (Fig. 3c,d ). This may be due to the possibility that some larger band could act as a template for producing the smaller one; therefore its band intensity was consequently increased. Non-specific PCR products however could be detected in some conditions especially when the numbers of template were very high (Fig. 3c,d, lanes 1-2, and Fig. 3e,f, lane 1) . A few parameters that may cause non-specific products to appear include the concentration of MgCl 2 , the www.scienceasia.org amount of DNA template, number of cycles and annealing temperature, all of which were tested for their effects. Varying the concentration of MgCl 2 and annealing temperature showed no effect, while decrease of either template amounts or amplification cycles caused the reduction of non-specific bands correspondingly (data not shown). Thus the crucial factor causing the accelerated accumulation of non-specific products in our single round seminested multiplex PCR could be an elevated concentration of the template combined with the high number of cycles. The single round semi-nested multiplex PCR protocol could also detect P. palmivora in plant materials and soil. The positive results were shown in the inoculated samples; however, there was only a faint band of 650 bp visualized in the some samples (Fig. 4) . This observation was comparable with the sensitivity analysis that only smaller band was observed in the condition of small amount of P. palmivora. Even single 650 bp band detected, it hinted that there was the ITS region of P. palmivora representing the genus Phytophthora and the species P. palmivora in the DNA template. In addition, the observed bands imply that the amount of pathogen corresponds to the progression of the pathogen growth as seen by the necrosis symptoms and lesions. This detection method was also used to inspect P. palmivora in the rubber leaves and barks expressing leaf fall or black stripe or disease-like symptoms collected from naturally planted areas. Single faint band of 650 bp was visually similar to the results obtained from the artificially P. palmivora infected leaves. This was also observed in the leaves with mild to moderate symptoms, but not in the severe or dehydrated one (Fig. 5) . The results suggested that this PCR procedure can be used to detect Phytophthora spp. and P. palmivora in infected plant tissue and soil. The Phytophthora genus and P. palmivora could not be detected in barks and fallen leaf samples from natural environment. Accordingly, no Phytophthora spp. could be grown on selective media, which is considered a conventional method to separate and identify these pathogens. A plausible explanation may be that the materials do not support and hold the pathogen growth. The oomycete Phytophthora species are considered hemibiotrophs since they exhibit lifestyles ranging from obligate biotrophic to necrotrophic; however, their persistence depends on the condition of the host cell 28 . Moreover, it has been demonstrated that biomass of Phytophthora spp. such as P. infestans and P. ramorum in infected tissues is generally low 29 . Other possible reason is that the disease expressing materials tested here might not be caused by Phytophthora spp. since diverse pathogens within the same or different genus could induce similar disease symptoms 30, 31 . In conclusion, the developed single round seminested multiplex PCR is a novel strategy providing easy, rapid, and simultaneous detection and identification of Phytophthora spp. and P. palmivora. It is used to identify and detect P. palmivora in natural diseased plant materials, soil, and water. Nonetheless, this method may still have a limitation towards its sensitivity limit especially in cases with low number of pathogens, as in soil, water, or trees that have been dead for several years. Those conditions may be difficult for the detection of pathogens. Future adaptation of the technique such as real-time PCR or multiplex real-time PCR will allow quantitative measurements of P. palmivora, and may increase the sensitivity of the assay. Further, this diagnostic test may prove valuable in detecting and managing diseases caused by Phytophthora spp. and P. palmivora.
